The genus Streptococcus is one of the most genomically diverse and important human and agricultural pathogens. The acquisition of genomic islands (GIs) plays a central role in adaptation to new hosts in the genus pathogens. The research presented here employs a comparative genomics approach to define a novel family of GIs in the genus Streptococcus which also appears across strains of the same species.
Introduction
In comparison with other phylogenic streptococci, a lower number of mobile genetic elements were displayed, but there were bacteriophage-derived islands, and a putative GI was identified (Ward et al. 2009 ).
In this study, we identified a novel 15SGI family that is distributed among the genus of streptococcus belonging to the above four species, and we analyzed the new structure of this GI family. The presence of multiple gene content closely related to the GIs of these genomes suggests that horizontal gene transfer (HGT) plays an important role in the evolution of these Streptococcus species and subspecies adapting to new niches.
Methods

Streptococcus strains, media, and culture condition.
Analysis of distribution of 15SGI was performed on clinical streptococcus isolates, including 10 Streptococcus pneumoniae strains, 10 Streptococcus agalactiae strains, one Streptococcus mitis, one Streptococcus sanguis and 17 Streptococcus suis strains, which consist of 3 strains from sporadic cases of meningitis in China, 12 strains from Europe, and the strains 05ZYH33 and 03HAS68. All strains were cultured at 37℃ on Columbia agar supplemented with 5% sheep blood or in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY).
PCR analysis of GIs
Primers for amplifying these specific sequences were designed with Primer Premier 6 ( Table 4) . PCR experiments used for detecting 15bp repeat sequence from l7/l12 gene terminal and adjacent integrases were preformed in a final volume of 50μl. After an initial denaturation step (3min at 94℃), a 32-cycle PCR was performed (denaturation 30s at 94℃, annealing 30s at 52℃, extension at 72℃ for 1min), followed by a final extension step (5min at 72℃).
Genomic dataset
All the sequences of this study involved 54 streptococcus complete genomes, and the annotations were downloaded from the National Center for Biotechnology 
Comparative genomics and prediction of GI
Each genomic sequence comparison was preformed from the NCBI BLAST program, which is available in the BioEdit Sequence Alignment Editor. The results were visualized using ACT (Artemis Comparison Tool) release 8 based on Java(TM) web start launcher. The files of all 15SGIs were obtained from GenBank by Vector NTI 10 and visualized by using CLC Genomics Workbench 3 software. The figures were configured using ACT and CLC Genomics Workbench exported graphics (Fig. 2) .
Identification of genes
The protein sequences from all 15SGIs were compared using BlastP with matrix BLOSUM62 with an expectation value set at 1.0E-20 and an additional criterion of match length set at 75% of the query sequence.
Phylogenetic analysis
The evolutionary history of 9 15SGIs was inferred using the Maximum Parsimony method. The most parsimonious tree with length = 162406 is shown. The consistency index is 0.848879 (0.781436), the retention index is 0.646868 (0.646868), and the composite index is 0.549113 (0.505486) for all sites and parsimony-informative sites (in parentheses). The MP tree was obtained using the Close-Neighbor-Interchange algorithm with search level 3 in which the initial trees were obtained with the random addition of sequences (10 replicates). Branch lengths were calculated using the average pathway method and are in the units of the number of changes over the whole sequence. They are shown next to the branches. The tree is drawn to scale. All alignment gaps were treated as missing data. There were a total of 115353 positions in the final dataset, out of which 49497 were parsimony informative.
The evolutionary history of 11 intregrases and 8 replicator initiators of 15SGIs
were inferred using the UPGMA method. The bootstrap consensus tree inferred from Branches corresponding to partitions reproduced in less than 50% of bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is shown next to the branches.
The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and are in the units of the number of amino acid substitutions per site. All positions containing gaps and missing data were eliminated from the dataset (complete deletion option). There were a total of 335 and 255 positions in the final dataset. All phylogenetic analyses were conducted in MEGA4 (Tamura et al. 2007) .
Homology modeling of the integrase core domain
Amino acids sequences of 11 integrases from 9 15SGIs were submitted to a fully automated protein structure homology-modeling server of SWISS-MODEL (Arnold 
Results
Distribution and structural features
In all, we analyzed 67 genomes of Streptococcus across 12 different genera found on public databases, including those of the NCBI and the Sanger Institute. We then made a side-by-side comparison using the Artemis Comparison Tool (ACT), which enabled genomic alignment and visualization of BLASTN results. Intriguingly, 9 reference strains of three different genera displayed structurally similar GIs (Table 1 ). Based on the fact that insertion of GIs into the bacterial chromosome is often a site-specific event, these GIs further shared two 15bp direct repeats in two respective attachment sites, attL and attR, of Streptococcus genomes, which we termed the 15bp
Streptococcus genomic island (15SGI).
Structurally, 15SGIs share the 15bp direct repeats in common, but they share variant G+C contents with their host bacteria. Large arrays of proven and putative GIs or PAIs from Gram-positive bacteria generally showed a low G+C content, while a few showed higher G+C content. In the 9 reference streptococcus strains, G+C Also, in these 15SGIs, we find the presence of mobility genes which 1) encode a site-specific recombinase/integrase to the right of attL and 2) encode the replication initiator located to the left of attR. Distribution analyses of 15SGI with bacterial genomes downloaded from GenBank indicated that they were not related to the serotype of Streptococcus intra-subspecies. In contrast, distribution analyses of 15SGI
with clinical isolates of Streptococcus by PCR showed that it has more widespread distribution in different Streptococcus species, such as Streptococcus mitis.
However, 15SGI integration did not occur in the strains of Streptococcus suis from 3 strains of sporadic cases with meningitis in China, 12 strains from Europe, and 10 isolates of Streptococcus pneumoniae. therefore, it appears that the 52-kb fragment was integrated later than the 10-kb fragment. Interestingly, compared with the 10-kb 15SGI from Streptococcus agalactiae strain A909 and the DNA fragment of 10-kb of 62-kb 15SGI of Streptococcus agalactiae strain NEM316 is highest identify in the ACT alignment and share no containing replicative initiator A gene at their 3' region ( Fig. 2 ). In addition, from recent unpublished studies, we have found that the 89-kb 15SGI could be excised from the chromosome of Streptococcus suis strain 05ZYH33 and form circular intermediates. We therefore infer two 15SGIs between Streptococcus agalactiae strain NEM316 and A909 as having the same the foreign genetic source material, but the second 15SGI (52-kb fragment) excised from the chromosome of Streptococcus agalactiae strain A909.
Tandem accretion and deletion by site-specific recombination
Gene contents and potential functional roles
As a rule, GIs often carry genes that reflect a selective advantage to the host bacterium in a specific environment. Among the nine 15SGIs, this study revealed the presence of genes belonging to the genus Streptococcus across 4 species, carrying only a few uniquely specific genes for the 15SGI of strain and species, but the large across species genes content were emerged by comparing with protein sequences of genes coding from all the 15SGIs each other (Fig. 3 ). Our previously studies indicated that GI-typeT4SS genes are required for 89k PAI-like of Streptococcus suis 05ZYH33 strain (Zhao et al. 2011) . 7 of 9 15SGIs carry 4 genes of GI-type T4SS and identity of them are more than 60% (Fig 2. , Table 2 ). These data indicate that 15SGIs provide
Streptococcus with a readily available novel gene pool that supplies additional physiological properties from not only one identified biological source, but also multiple sources which help it to exploit new niches.
Streptococcus suis
In a previous study, our group identified a novel PAI-like DNA segment of ~89 kb in length (15SGI) and a type IV secretory pathway. The fucose metabolic system is unique to strain 05HAS68. In addition, these GIs all carry one or two tetracycline-resistant genes (05SSU0922, 68SSU02364, SSUBM407_0983/0954 and SSUBM407_0954).
Moreover, a toxin-antitoxin (TA) system, which was initially discovered on low copy number plasmids to ensure their segregation stability (Khoo et al. 2007; Li et al. 2011) , emerged in the 15SGIs of three strains (05SSU0936, 05SSU0937; SSUBM407_0966, SSUBM407_0967 and 68SSU_02324, 68SSU_02325).
Streptococcus agalactiae
The study identified the 15SGIs of strain 2603V/R, NEM316 and A909 of Streptococcus agalactiae, carrying 50, 57 and 6 genes that include 5, 16 and 0 strain-specific genes, respectively. All of the ORFs of the 15SGI of strain A909 share highly similar sets of genes (Identity >99%) in the 5' region, which is the first 15SGI of strain NEM316. These ORFs code hypothetical protein, except site-specific recombinase (integrase, SAK_1326). The 15SGI belongs to an unknown functional GI. The 3' region of the 15SGI of strain NEM316 appeared in a highly conserved region, which is homologous with the region of 15SGI from strain 2603VR and two virulent strains, BM407 and 05ZYH33, of Streptococcus suis (Fig. 2) .
Streptococcus pneumonia
Streptococcus pneumoniae serotype 14 isolate CGSP14 from a child with necrotizing pneumonia and Streptococcus pneumoniae serotype 23F isolate ATCC700669 from a nasopharyngeal colonization of a patient share features in common with multi-drug-resistant pandemic clones recently isolated. Previous study showed that CGSP14 shared the largest number of orthologous genes with strains Spn23F used for comparative genomic analysis, indicating that the CGSP14 genome shows highest homology to the sequenced strains (Ding et al. 2009; Croucher et al. 2009 ). The analysis of the 15SGIs gene content of strain CGSP14 and ATCC700669, consisting of 67 genes and 76 genes, respectively, show that they belong to unique number only is 3 and 4 ( Fig. 3A) , 13.4% and 10.5% of total genes ( Fig 3B) separately. 77.6%
(52/67) and 69.7% (53/76) belong to orthologous genes between the two 15SGIs.
Only 19 and 31 are functionally annotated or inferred, and the remaining genes encode hypothetical proteins or uncharacterized proteins in the 15SGIs gene content of strain CGSP14 and ATCC700669, respectively. The presence of a large number of hypothetical genes conserved across the 15SGIs of these two strains suggested important roles for the putative functions of the 15SGIs. In addition, the 15SGI of strain Spn23F, which is similar to the strains of Streptococcus suis noted above, carries a gene encoding the tetracycline-resistance protein spn23F_13050. Both strains contained on 15SGIs are the AT system of which includes zeta toxin and epsilon antitoxin (spn23F_12620, spn23F_12630 and SPCG_1295, SPCG_1296), just like the 15SGIs of Streptococcus suis. The AT system has previously described that locus as part of a 27-kb pathogenicity island termed pneumococcus pathogenicity island 1 (PPI1) (Brown et al. 2001; Meinhart et al. 2003) .
Streptococcus uberis
Streptococcus uberis was reported that can utilize nutritional flexibility derived from a diversity of metabolic options to successfully occupy a discrete ecological niche (Ward et al. 2009 ). Our results revealed that the 15SGI of Streptococcus uberis 0140J contained an eight-gene cluster lactose metabolism system highly homologous with the region of 15SGI of strain 05HAS68 and NEM316 coding genes of lactose metabolism and possibly acquired from strain 05HAS68 or NEM316 loci between the two genes coding integrase and replication initiator protein (Fig. 2) . However, the lactose metabolism system of 15SGI in strain 05HAS68 is different by the absence of transcriptional regulators, site-specific DNA methylase genes and the type IV secretary pathway.
Site-specific recombinases
Phage integrase or recombinase is the prototypical member of a large family of enzymes that catalyze site-specific DNA recombination via single-strand cleavage.
They are required for the site-specific integration and excision of the GIs. We performed phylogenetic analyses of a wide collection of integrases from 9 streptococcus strains. Eleven unique integrase proteins from 9 15SGIs of Streptococcus were demonstrated that were more closely related to each other than others (Fig 4) . In additional, we preformed BLASP and conserved domains searches from CCD database of NCBI (Marchler-Bauer et al. 2009 ) showed that the integrases were specific hits to phiLC3 phage and phage-related integrases, which belong to the tyrosine family of site-specific recombinases (Fig. S1B) Bregu et al. 2002) . Our results also showed that the 15SGI integrases share a similar region of lambda integrase-like catalytic core (Table 3) . Although these integrases have high identity or similarity with each other based on their amino acids (Fig. S1A) , unlike sequences are associated with other integrase families. The output from SWISS-MODEL Workspace, an automated protein homology-modeling server for the catalytic core regions, resembled the structure of site-specific recombinase IntI4 (2a3v) and site-specific recombinase Xerd (1a0p), with the conservation of important 4-helix structural elements (Fig. 5A, B ). In these regions, two DNA binding regions were predicted (Fig. 5A ) and a high hydrophobicity score residues located in the second helix (Fig. 5C ).
Discussion
Our previous studies indicated that a putative pathogenicity island (PAI), termed 89k, emerged in Streptococcus suis serotype 2 strains 05ZYH33 and 98HAH33. The 89k
GIs are flanked at their boundaries by direct repeats having a length of 15bp and a G+C content which differs significantly from that of the host organism. Therefore, starting with a priori assumptions about the structure of GIs, we undertook a study to resolve the structural features of GIs across the boundaries of different Streptococcus subspecies, using the model provided by Vernikos and Parkhill (Vernikos et al. 2008) .
In generally speaking, the genomic positions of these GIs were not random. There are 75% of currently known genomic islands are inserted at the 3' end of a tRNA locus.
A few other genes may also act as integration sites for GIs, such as the Salmonella genomic island 1 (SGI1), which exhibits a site-specific integration into the Streptococcus equi subsp. Based on these findings, we previously inferred that 15SGI
could not integrate into the chromosome of either Streptococcus pyogenes or Streptococcus equi subsp by the difference inherent in these two key bases. However, even though the 15SGI of Streptococcus uberia strain 0140J is independent of the ribosome l7/l12 gene, it adjoins a putative GI (Ward et al. 2009 ), which is inserted adjacent to the l7/l12 gene loci. However, the general criteria previously suggested by Vernikos and Parkhill (Vernikos et al. 2008) do not allow us to elucidate the mechanism of acquisition.
In addition, Many structure-function relationships were discussed about site-specific recombinases (integrases) by identification of residues and secondary structures implicated in catalysis, specific and nonspecific DNA binding, protein-protein interactions and overall protein folding (Nunes-Düby et al. 1998; Douglas et al. 2006) .
Still, a full and unambiguous understanding of site-specific recombination of the 15SGI integrase family requires more solid biochemical investigation. In sum, the sequence alignments and prediction structure of the catalytic domains presented here will help guide and interpret future biochemical analyses of the 15SGIs family of integrases.
In conclusion, we employed a comparative genomics approach to define a novel GI in the genus Streptococcus which also appears across strains of the same species according to a previously described GI model: an 89-kb PAI-like structure of Streptococcus suis strain 05ZYH33 required for regulating full virulence in piglets (Chen et al. 2007; Li et al. 2008) . While the features of this novel GI is in general agreement with those of the classical model for predictive GIs, marked differences in insertion stand in contrast to most tRNA genes. These GIs localize in a 15bp hotspot at the 3' end of the l7/l10 gene by an IntI4-like integrase family. There is striking variation in gene contents, but few unique genes arise from these 15SGIs. The GIs of Streptococcus can be seen as a family of mobile elements with a well-defined core and variable structural features. This GI family, which was acquired by large insert of horizontally acquired DNA, seems to be of importance in species differentiation and adaption to new hosts, while it plays an important role during strain evolution in the genus Streptococcus. The trees were constructed with integrase sequences from 9 Streptococcus strains.
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